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Abstract

We introduce a new single-head multi-

modal optical system that integrates optical

coherence tomography (OCT), 18 MHz

ultrasound (US) tomography and Raman

spectroscopy (RS), allowing for fast (<2

min) and noninvasive skin cancer diagnos-

tics and lesion depth measurement. The

OCT can deliver structural and depth infor-

mation of smaller skin lesions (<1 mm),

while the US allows to measure the pene-

tration depth of thicker lesions (≥4 mm), and the RS analyzes the chemical compo-

sition from a small chosen spot (≤300 μm) that can be used to distinguish between

benign and malignant melanoma. The RS and OCT utilize the same scanning and

optical setup, allowing for co-localized measurements. The US on the other side is

integrated with an acoustical reflector, which enables B-mode measurements on

the same position as OCT and RS. The US B-mode scans can be translated across

the sample by laterally moving the US transducer, which is made possible by the

developed adapter with a flexible membrane. We present the results on custom-

made liquid and agar phantoms that show the resolution and depth capabilities of

the setup, as well as preliminary ex vivo measurements on mouse models with

�4.3 mm thick melanoma.
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1 | INTRODUCTION

The incidence of skin cancer has been rapidly increasing
worldwide over the past decades, especially in countries
with high sun exposure and population with Caucasian
skin type. The rising incidence rates are most likely a con-
sequence of the significant changes in leisure time behav-
ior since the 20th century, for example, vacationing in
areas with higher sun exposure and increasing exposure to
ultraviolet (UV) radiation. People between 45 and 60 years
are particularly affected. In the case of malignant mela-
noma, the most dangerous type of skin cancer with the
highest mortality rate, the incidence rate has more than
tripled in the last 3 decades. For example, in Germany, the
risk of developing melanoma in the course of a lifetime is
about 1:60, and the mortality risk is about 1:400 [1].

Melanoma is particularly dangerous, as it can be asymp-
tomatic at early stages and its resemblance with benign
moles makes it difficult to be discovered. By diagnosing and
surgically removing melanoma in the early stages, full recov-
ery chances are as high as 95%. However, untreated mela-
noma can reach blood vessels and metastasize to lymph
nodes and organs, which leads to drastic decrease of the
recovery chances to as little 10% [1, 2]. Therefore, early iden-
tification of melanoma is vital for the patient's outcome.

Currently, the diagnosis of skin cancer is based on the
visual inspection of the lesion by the naked eye or with a
dermoscope, followed by complete excision of the lesion
and histological examination in case the lesion is consid-
ered suspicious by the dermatologist. Unfortunately, the
visual inspection is error-prone, with reported false posi-
tives and false negative rates of ≥20% [3–5]. Furthermore,
the depth of melanoma is another critical parameter that
plays a role in the excision and it cannot be measured
precisely by noninvasive dermoscopic examination.
While it can be estimated with the Clark scale and Bre-
slow thickness metrics, the precise thickness measure-
ment is done by the histological examination of the
sample, which is considered as the gold standard in diag-
nostics [6, 7]. However, the histology examines only a
single two-dimensional (2D) slice of the lesion, which
might not be positioned at the point of largest thickness,
thus possibly underestimating the lesion depth.

If the dermatologist had a fast and noninvasive method
to diagnose and measure skin lesion depth, several appoint-
ments and excisions would be reduced to a single one, as
well as excisions for noncancerous nevi would no longer be
necessary. Numerous studies have proposed and investi-
gated noninvasive optical and ultrasound techniques for
in vivo skin cancer measurement. For example, confocal
and multiphoton microscopy (MPM) have been demon-
strated to distinguish between benign and malignant
lesions; they were found however limited by impractical
penetration depth of ≤200 μm in pigmented skin [8–10].

Similarly, optical coherence tomography (OCT) was applied
for the measurement of lesions with thickness ≤500 μm
[11, 12]. For measurement of lesions with depths ≥1 mm,
ultrasound with frequency ≥15 MHz has been demon-
strated to show good agreement with histological results
[13–17]. As for classification and diagnosis, Raman spectros-
copy (RS) has been capable of distinguishing melanoma
and benign skin lesions by analyzing lipid and melanin
bands, additionally identifying different skin cancer types
[18–23]. Finally, in the last years, numerous studies have
emerged with multi- and hyperspectral imaging systems
that are able to rapidly classify and predict benign and
malignant lesions from the surface [24–27].

However, no single modality has the capacity to both
diagnose the melanoma and measure its thickness over
all possible ranges (50 μm-≥4 mm) noninvasively,
which is why they are not established in clinical routine.
A combination of these techniques could overcome their
limitations and allow for a fast measurement and diag-
nosis of skin lesions. Although it is possible to apply dif-
ferent modalities one after another, it would be time
consuming and due to switching of scanning units,
there would be no guarantee that the imaging will be
performed at the same positions, introducing a possible
error source. As shown in Table 1, different setups for
optical biopsy of melanoma were proposed, with the
most common design integrating OCT and photoacous-
tics (PA). The extensive work that combines OCT and
photoacoustical microscopy (PAM) is not considered
here, since PAM delivers en-face images at a fixed depth
and it is therefore difficult to be compared with OCT
images. In addition, it currently requires long measure-
ment times, unpractical for clinical applications. Since
the combination of PA/US with OCT is complicated by
the nontransparent (conventional) ultrasound device,
the measurements with the two modalities are usually
performed separately or the PA is obtained by using a
Fabry-Perot interferometer (FPI). As the latter method
involves scanning of the interrogation spot, it has the
disadvantage of long acquisition times and high expo-
sure that can exceed the maximal permissible exposure
(MPE) levels for human skin.

In this work, we developed and tested a system that
combines OCT, RS and US in a single scanning head.
The OCT delivers information on upper skin structures
as well as thickness measurement for thin lesions. The
information from RS enables distinction between malig-
nant lesions and noncancerous nevi. The RS is collected
from a small (≤300 μm diameter) spot that is steered
with OCT galvoscanners. This not only allows to mea-
sure the spectra at precise indicated positions, excluding
interference from neighboring normal skin areas, but
also for several measurements at different positions.
Finally, the ultrasound is achieved by adding a water-
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filled container with an acoustical mirror, that decou-
ples the acoustical path from the main axis to the US
transducer. By including a flexible membrane, the trans-
ducer and the acoustical mirror can be moved within
the container, which allows translation of the B-mode
measurement line and thus enables measurements at
different positions without moving the sample. The
capabilities of the presented setup are tested on agar
phantoms and ex vivo mouse melanoma.

2 | MATERIALS AND METHODS

2.1 | Experimental setup

The schematic of the multimodal setup is shown in Fig-
ure 1. It is the next-stage development of a previously
demonstrated OCT-RS probe used in skin cancer screen-
ing [30]. The OCT is a spectral-domain OCT (GAN621,
Thorlabs, USA) at a central wavelength of 900 μm with a
customizable probe head (OCTP-900) that was modified
to include a coaxial RS collection system. The OCT signal
(red path) is delivered from the base unit to the setup via
fiber, where it is split into reference and sample arm. The
sample signal is steered with a 2D galvoscanners M1 to
M2 system and focused onto the sample with a focusing
objective FO (fl = 36 mm, OCT-LK3-BB, Thorlabs, USA).
Since the galvo mirror M2 partially transmits visible
light, the scanning unit allows for simultaneous visuali-
zation of the sample plane by projecting (blue path) the
latter onto a CC camera chip, after filtering out the laser
light with a long pass filter LP1 at 550 nm (50NM
12.5MM, Edmund Optics Ltd, UK). Using resolution tar-
gets, the lateral and axial resolution in air of the OCT sys-
tem is measured at 4 and 3 μm, respectively.

The excitation for RS is done by using a frequency-dou-
bled Nd:YAG laser (Ultra50, Quantel Laser, France) that
emits pulses at 532 nm at 20 Hz repetition rate and 7 ns
pulse duration. The pulses (green path) are guided via a
910 μm core fiber (MPH910L02, Thorlabs, USA), cleaned
from luminescence and the Raman signal from the fiber
with a 4 nm narrow bandpass filter LF (FLH05532-4, Thor-
labs, USA) and collimated with a 40 mm lens (LB4700,
Thorlabs, USA).

The Raman signal (yellow path), which is mostly in
the VIS range, is collected by the FO and decoupled from
the OCT signal with a dichroic mirror DM (DMLP805R,
Thorlabs, USA), with edge wavelength at 805 nm. The
532 nm longpass filter LP2 (RazorEdge ultrasteep LP
Edge filter, Semrock Inc., USA) and 700 nm shortpass fil-
ter SP (FESH0700, Thorlabs, USA) remove the Rayleigh
(532 nm excitation) line and the OCT spectrum* from the
Raman signal before it is focused with a 60 mm focusing
lens FL2 onto fiber bundle (LLB536-IR-0,22–1, Quantum
Design GmbH, Germany) and sent to a 19 mm focal
length spectrometer (Kymera 193i, Andor Technology
Ltd, UK) equipped with CCD camera (iDus-LDC-DD,
Andor Technology Ltd, UK) and a grating with 1200 L/
mm with 600 nm blaze. A single RS measurement is per-
formed with 10 s exposure time and 2.4 mJ per pulse,
which translates in 5 mJ/cm2 per pulse, which is allowed
under the regulated MPE levels for human skin
in vivo [34].

The US imaging is done with a single crystal 18 MHz
UST transducer (L22-14vXLF, Vermon, France). This
transducer has 128 elements, �6 dB bandwidth of 67%
and an elevation pitch (acoustical focal length) of 20 mm,
which corresponds to the total acoustical path distance to
the sample. The transducer is connected to a research
ultrasound system (Vantage 32 LE, Verasonics, USA) via a

TABLE 1 Survey of multimodal systems for optical biopsy of melanoma

Reference Modalities Acquisition time Remarks

Zhang et al [28] OCT, PAT >7 min • PAT with FPI

Meyer et al [16] OCT, US OCT: N.S.; US: 1-2 min • US applied separately

Chen et al [29] OCT, PAT >8 min • PAT with FPI

Mazurenka et al [30]; OCT, RS, PA >2 min • PA applied separately

Varketin et al [31] • PA only as one-dimensional depth profile

Kratkiewicz et al [32] OCT, PAT, US N.S. • OCT applied as a separate unit

Park et al [33] Multispectral PAT �1 min

Elagin et al [10] Optical coherence
angiography, MPM

<1 min • MPM depth limited to 200 μm

Proposed setup OCT, RS, US <2 min • Single scanning unit

• Co-localized OCT, RS and US

Abbreviations: FPI, Fabry-Perot interferometer; MPM, multiphoton microscopy; N.S.: not specified; OCT, optical coherence tomography; PA, photoacoustic
imaging; PAT, photoacoustic tomography; RS, Raman spectroscopy.
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Universal Transducer Adapter (UTA 260-MUX, Veraso-
nics, USA). The sampling is done at 62.5 MHz, which
allows to fully cover the transducer bandwidth. The trans-
ducer itself is attached to a motorized stage MS (MTS25/
M-Z8, Thorlabs, USA) that allows translation with respect
to the scanning head in x direction (perpendicular to plane
of B-mode), allowing for US imaging at defined positions
without moving the sample.

To ensure that OCT and US perform the measure-
ments on the same position, a self-made water tank (WT)
with UST adapter attachment is designed and printed on
a commercial 3D printer with acrylonitrile butadiene sty-
rene (ABS), as shown in Figure 2. The acoustical path is
folded by placing a 1 mm thick microscope glass slide at
45� angle that is carried by the UST adapter. Due to a
large acoustical impedance mismatch between glass and
water, the US waves are reflected and can be decoupled
from the optical path.

The scanning head (marked with the dashed line in
Figure 1, including the WT) is approximately 24 �
20 � 20 cm3 and weighs under 6 kg. The measurements
with the system are performed as follows: first, the WT is
positioned on top of the sample. The UST with the AM
are moved out of the optical path, so that the OCT and
RS measurements can be performed dispersion-free
through air. Then, the WT is filled with tap water and US
measurements are performed. The acquisition time of the

presented trimodal system depends on the desired resolu-
tion and the size of the measurement area; a typical mea-
surement on a skin area of 7 � 7 mm2 area requires less

FIGURE 1 Sketch of the experimental setup. AM, acoustical mirror; BF, bandpass filter; BS, beam splitter, CC, camera chip, CL,

collimating lens; DM, dichroic mirror; FA, fiber adapter; FL, focusing lens, FO, focusing objective; LP, long pass filter; M, galvo mirrors; MS,

motorized stage; OCT, optical coherence tomography; RR, retroreflextor; SP, shortpass filter, UST, ultrasound transducer; WT, water tank.

The lines represent the optical paths of OCT (red); RS collection (yellow); visible path for camera (blue) and the 532 nm excitation beam

(green). The US creates a B-mode image in the yz plane; by translating the UST together with the AM in x direction the imaging can be

performed at different planes

FIGURE 2 Three-dimensional (3D) sketch of the US adapter

and WT. A self-designed adapter is placed on the UST, that carries

the acoustical mirror AM (glass slide at 45�) which reflects the US

waves downwards. The sample is placed under the 7 � 7 mm2

opening at the bottom of the water tank. A single US B-mode image

is done across the marked blue line. The rear side of the WT is

sealed with flexible nitrile membrane, which allows for translation

of the UST together with the AM in the direction of the blue arrow,

enabling B-mode imaging at different positions. The front side of

the WT is sealed with a glass slide. The glass slide, nitrile

membrane and right wall of the WT are not represented for

simplification and better visibility. AM, acoustical mirror; UST,

ultrasound transducer; WT, water tank
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than 2 minutes in total, consisting of 10 seconds for the
RS measurement, 22 seconds for the OCT measurement
with 10 μm lateral pixel size and 1 minute for the US
measurement of 50 sections with spatial separation of
150 μm between them.

2.2 | Phantoms

The capabilities of the multimodal device are demon-
strated with human hair positioned in suspended mode
at increasing depths. For this purpose, a phantom mold is
designed and printed with a commercial resin 3D printer.
The mold has a 4.3� oblique side with notches every
2 mm, which allows to position strings at depths until
2.5 mm, with depth increments of 150 μm. The hair
thickness varies between 56 and 99 μm. Imaging of the
suspended samples was done in three variations: in air
(with OCT only), in deionized water and in agar phan-
tom, which is often used as tissue-mimicking phantoms
for ultrasound and photoacoustic imaging [35–37].

The agar phantoms were prepared by bringing
100 mL of deionized water to 60� temperature inside an
Erlenmeyer flask with magnetic stirring and adding 2 g
of agar powder (A1296, Merck KGaA, Germany). The
solution was brought and kept at 80� temperature for
5 minutes and injected into the mold. The upper part of
the mold is covered with a microscope slide, thus creating
a smooth top surface. A photograph of the prepared agar
phantom with suspended hairs is shown in Figure 3.

2.3 | Mouse melanoma

The proposed multimodal setup was validated ex vivo on
a mouse model with developed melanoma. An adult
C57/BL6 mouse (HgfXCdk4 type) was injected with
transplantable HCmel12 melanoma cell line, that has
been established from a spontaneous melanoma of an
Hgf-Cdk4 R24C mouse [38, 39]. The mouse was sacrificed
on day 24 after the injection and the skin tissues around
the developed melanoma is excised and measured with
the multimodal setup. After measurements with the
setup, the sample is embedded in 10% formalin solution
for histological examination of hematoxylin-eosin stained
slices.

3 | RESULTS AND DISCUSSION

3.1 | Phantoms

First, the size of the RS collection spot is measured by
translating the focal point across a 99 μm thick hair in
steps of 15 μm. For each measurement, the RS signal

FIGURE 4 Measurement of the RS spot size. Left: Microscope image of a single hair positioned inside the phantom mold, with its

corresponding manual thickness measurement. Right: the corresponding measured Raman signal intensity by translating the collection focal

point across a 99 μm thick hair in air. The signal is integrated from 2000 until 3000 cm�1 range. The red shaded area represents the hair

position and thickness

FIGURE 3 Photograph of the agar phantom inside the Three-

dimensional (3D) printed mold. The human hairs inside the

phantom are fixed with scotch tape and positioned at increasing

depths with steps of 150 μm

FEDOROV KUKK ET AL. 5 of 10
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intensity is integrated across the 2000 to 3000 cm�1

range. The results are shown in Figure 4. By measuring
the full width at half maximum (FWHM), the diameter
of the RS collection is ≤300 μm. While this value is larger
than some of the reported joint OCT-RS systems [40], it
is small enough to be positioned on small lesions and
confine the RS measurements to that point without col-
lecting signal from the neighboring tissue, which would
complicate the dignity diagnosis. Also, for larger lesions,
a reasonable sampling can be realized to differentiate
between different spots.

As shown with the exemplary results in Figure 5, the
OCT is capable of resolving strands in approximately
1.5 mm depth in a single measuremen†t in air, and
≤700 μm in water and agar phantoms, the latter due to
light scattering and shorter optical path caused by refrac-
tion. The US is capable of resolving all the strands, thus,
its maximal penetration depth can be considered as at
least 4 mm, which is sufficient to resolve the invasion
depths of many melanomas. The presented design how-
ever cannot be used for measurement of the lateral or
axial resolution of the modalities, since for both OCT and
US the hair samples are imaged as two horizontal lines
(instead of a singular point) due to the reflections at the
interfaces.

The described agar phantom offers potential for more
complex models. For instance, by creating multi-layered
agar phantoms with different scattering and absorbing
parameters a better resemblance to skin tissue can be
achieved, as demonstrated in other works [36, 41]. In
addition, by soaking the hair strands in dyes with known

RS response and measuring the signal from strands at
increasing depths, the axial limits of the RS modality can
be investigated.

3.2 | Mouse samples

For RS measurements, the signal is collected on the cen-
tral position of melanoma and on the adjacent healthy
tissue, at the positions indicated in Figure 6 with red and
green crosses. The baseline of the raw spectra is first
removed using iterative morphological and mollifier-
based algorithms to eliminate the fluorescence back-
ground [42]. After that, the spectra are normalized and
smoothed for a more intuitive comparison. The post-pro-
cessed spectra are presented in Figure 6. In the finger-
print spectral range, some characteristic peaks of
biological Raman spectra are clearly displayed, such as
the protein vibration bands at 1260 and 1660 cm�1

(attributed to Amide-III and Amide-I bands) and the lipid
vibration bands at 1100, 1310, and 1440 cm�1 (corre-
sponding to C─C stretch, CH2 twist and CH2─CH3
bands, respectively). More importantly, an obvious differ-
ence is that at 1565 cm�1 (marked with a black straight
line in the figure), the peak intensity of melanoma is sig-
nificantly higher than that of normal skin, which is con-
sistent with the research of Huang et al who found that
this peak is the characteristic of melanin [19]. In the
water band range, compared to the healthy tissue spec-
trum, the melanoma spectra present stronger and better-
defined RS peaks at 2876 cm�1, 2934 cm�1 and in

FIGURE 5 Exemplary results of optical coherence tomography (OCT) and ultrasound (US) measurements on hair strands. (A–C) are
the OCT measurements in air, water and agar phantom; (D) shows the visible camera image from the top and the OCT measurement line in

air (red). (E,F) are the US measurements on water and agar samples; (g) shows the hair strands at larger depths of ≥ 3mm
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particular, 2978 cm�1. Other RS studies on human skin
cancer also report an increased RS signal at these vibra-
tional frequencies, which are attributed to the C─H
stretching modes of proteins and lipids [18, 43].

The OCT measurements on the mouse melanoma are
shown in Figure 7. The dermal layer around the melanoma
position presents a particularly high-contrast layered struc-
ture with thickness of 96 ± 10 μm. In comparison, the mea-
surements on healthy tissue yield a rather thick
homogeneous layer. This structure and the thickness agree

well with the corresponding histological measurement,
shown in Figure 9. Hematoxylin-eosin staining shows a cir-
cumscribed dermal proliferation of malignant melanocytic
cells with patchy pigment deposits and focal necrosis and
hemorrhage.

The US measurements of the mouse samples are shown
in Figure 8, which demonstrates the circular shape and the
lower boundary of the melanoma at a depth of approxi-
mately 4.3 mm. At several positions the B-scans measured
highly scattering inclusions 1 mm wide at a depth of

FIGURE 6 Raman spectroscopy (RS) measurement of mouse skin sample. Left: Spectra at melanoma position (orange) and adjacent

healthy skin (blue dash-dot line) in the finger print range (800–1800 cm�1), right: in the water band range (2700–3200 cm�1). The spectra

have been post-processed with baseline correction, normalization and smoothed. The black vertical lines represent the relevant peak lines

FIGURE 7 Optical coherence tomography (OCT) scan of the mouse melanoma. Left: exemplary OCT scan, with (1) marking the

distinctive dermal layer above the melanoma, (2) marking the dermis at the normal skin and (3) indicating the melanoma, with yellow line

representing its upper boundary. Right: the corresponding camera image and the OCT measurement line. The green and red crosses indicate

the positions for measurement of RS from Figure 6. Note the similarity of the dermal layer structure with the histological measurement of

this sample, shown in Figure 9

FIGURE 8 Exemplary ultrasound (US) B-scans of mouse melanoma. Left: scan that captures the lower boundary of the melanoma at

depth of approximately 4.3 mm. The yellow dash line marks the shape of the melanoma. Right: scan that reveals two highly scattering

positions at a depth of 2.7 mm, which are attributed to internal necrosis spots, see Figure 9
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2.7 mm, which are attributed to the necrotic areas that can
be seen in the subsequent histological measurement.

4 | DISCUSSION

The histology of the mouse melanoma agrees well with
the OCT and US results in terms of dermal structure,
which is particularly thin and pronounced above the mel-
anoma and thicker on healthy tissue. OCT and histology
yield 92 ± 10 and 81 ± 19 μm, respectively, when manu-
ally measuring the thickness at several positions. As
shown in Figures 7 and 9, the dermal structure on the left
side of the melanoma becomes more homogeneous and
thickens rapidly, which is also visible on US imaging.
The thickness of this layer is measured at 665 ± 112 μm
with US and 618 ± 74 μm with histology. The longest
diagonal is used to determine the maximum depth of
melanoma. The US thickness is 5.4 ± 0.25 mm, which
agrees with the histological value of 5.1 ± 0.1 mm when
the FWHM of the upper boundary is taken into account.
In general, the histological measurements are lower, and
the circular shape of melanoma is distorted. This can be
attributed to tissue shrinkage, as dehydration and paraffi-
nization of the tissue are known to cause tissue deforma-
tions [44].

Combined with the phantom measurements, we
believe that the proposed multimodal setup is capable of
delivering RS and depth information that can assist the
dermatologist in the diagnosis of the potential skin

cancer, as well in the decision for excision margins.
Future work will be directed towards further integration
and automation as well as increase in measurement accu-
racy and spectral resolution. Ultimately, pre-clinical tests
will be conducted to assess the in vivo capabilities. For
clinical measurements, the dimensions and the weight of
the scanning unit are well-suited to be mounted on a
commercial articulated gas spring monitor arm. The arm
itself is installed on the table that carries the PC and the
rest of the remaining components, for example, the laser,
OCT and US base units. This setup allows for easier posi-
tioning of the scanner opening, which is then pressed
against the skin lesion, reducing possible motion arti-
facts. For smaller lesions, the imaged area and time can
be reduced, decreasing artifact further. In the current
setup, the dimensions of the WT and its opening are lim-
iting the application on rather open and accessible body
parts, which can be solved by modifying it to feature a
narrow conical shape.

In future studies, it is intended to add the PA modal-
ity to the setup, as it already integrated a pulsed laser
source and the US system. PA has already been used in
skin cancer-related studies [31, 33, 45, 46]. Unlike US,
which delivers information based on acoustical reflectiv-
ity of the sample, PA provides contrast based on optical
absorption of the tissue. This information can be impor-
tant in cases where the US contrast between melanoma
and surrounding tissues is low due to the similar acousti-
cal impedance. This has been demonstrated in our previ-
ous results on layered polyvinyl alcohol-based hydrogel
phantoms, which also showed good correlation with
numerical simulations [47–49]. By replacing the excita-
tion laser with a tunable laser system such as an optical
parametric oscillator (OPO), so-called PA spectrometry
can be added to the modalities, which expands the PA
information by providing absorption information at dif-
ferent wavelengths [50]. The excitation at different wave-
lengths would also amplify the RS modality, allowing
additional information on chemical composition.

5 | CONCLUSIONS

We have developed a multimodal imaging system that
integrates OCT and US in a single scanning unit allowing
for structural and depth measurement of skin lesions as
well as RS measurements with the goal to enable nonin-
vasive diagnosis of skin cancer. Compared to other multi-
modal OCT-US systems that measure only a single plane,
our proposed design involves an acoustical reflector that
is mounted on an adapter, allowing for co-localized OCT,
RS and US measurements. For proof of principle, the
multimodal setup was validated on hair strands fixated at

FIGURE 9 Histological measurement of the mouse melanoma.

The Raman spectroscopy (RS) of this sample is demonstrated in

Figure 6, of optical coherence tomography (OCT) in Figure 7 and of

US in Figure 8. (1) indicates the particular dermal structure above

the tumor that is captured with OCT/US, (2) shows the thicker

healthy skin, (3) is the melanoma and (4) points at internal necrotic

areas located at the bottom of melanoma, which is recorded with

the US
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different depths inside water and agar phantoms, which
showed the maximal penetration depth of OCT at
≤700 μm inside water and agar phantoms. The maximal
US depth is at least 4 mm, which is sufficient for the
depth resolution of most skin lesions. Finally, the multi-
modal setup is tested on a mouse melanoma sample,
where RS showed a difference in signal from healthy tis-
sue and melanoma, while OCT and US measured dermal
structure and melanoma depth that correlated well with
the histology. Future work will focus on adding an OPO
as excitation source and PA tomography and spectrome-
try, which will allow for additional information on the
skin for more precise diagnosis.

ACKNOWLEDGMENT
Open Access funding enabled and organized by Pro-
jekt DEAL.

FUNDING INFORMATION
The authors acknowledge financial support from the Ger-
man Research Foundation DFG (German Research
Foundation, Project ID RO 3471/18-1 and EM 63/13-1).
Also, financial support from the German Research Foun-
dation (DFG) under Germany's Excellence Strategy
within the Cluster of Excellence PhoenixD (EXC 2122,
Project ID 390833453) is acknowledged.

CONFLICTS OF INTEREST
The authors declare no potential conflict of interests.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Anatoly Fedorov Kukk https://orcid.org/0000-0003-
2233-4960
Bernhard Roth https://orcid.org/0000-0001-9389-7125

ENDNOTES
* Some internal back reflections of the OCT signal reach the CCD
camera avoiding the grating and contaminating the spectrum,
thus, requiring the shortpass filter.

† Although it is possible to resolve deeper structures by manually
adjusting the reference arm length, this strategy is not followed in
this work.
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